During plant cytokinesis membrane vesicles are efficiently delivered to the cell-division plane, where they fuse with one another to form a laterally expanding cell plate [1, 2] . These membrane vesicles were generally believed to originate from Golgi stacks. Recently, however, it was proposed that endocytosis contributes substantially to cell-plate formation [3] . To determine the relative contributions of secretory and endocytic traffic to cytokinesis, we specifically inhibited either or both trafficking pathways in Arabidopsis. Blocking traffic to the division plane after the two pathways had converged at the trans-Golgi network disrupted cytokinesis and resulted in binucleate cells, whereas impairment of endocytosis alone did not interfere with cytokinesis. By contrast, inhibiting ER-Golgi traffic by eliminating the relevant BFA-resistant ARF-GEF [4] caused retention of newly synthesized proteins, such as the cytokinesis-specific syntaxin KNOLLE in the ER [5] , and prevented the formation of the partitioning membrane. Our results suggest that during plant cytokinesis, unlike animal cytokinesis, protein secretion is absolutely essential, whereas endocytosis is not.
Summary
During plant cytokinesis membrane vesicles are efficiently delivered to the cell-division plane, where they fuse with one another to form a laterally expanding cell plate [1, 2] . These membrane vesicles were generally believed to originate from Golgi stacks. Recently, however, it was proposed that endocytosis contributes substantially to cell-plate formation [3] . To determine the relative contributions of secretory and endocytic traffic to cytokinesis, we specifically inhibited either or both trafficking pathways in Arabidopsis. Blocking traffic to the division plane after the two pathways had converged at the trans-Golgi network disrupted cytokinesis and resulted in binucleate cells, whereas impairment of endocytosis alone did not interfere with cytokinesis. By contrast, inhibiting ER-Golgi traffic by eliminating the relevant BFA-resistant ARF-GEF [4] caused retention of newly synthesized proteins, such as the cytokinesis-specific syntaxin KNOLLE in the ER [5] , and prevented the formation of the partitioning membrane. Our results suggest that during plant cytokinesis, unlike animal cytokinesis, protein secretion is absolutely essential, whereas endocytosis is not.
Results and Discussion
Trafficking of Cytokinesis-Specific Syntaxin KNOLLE Highlights the Secretory Pathway in Dividing Cells Results from ultrastructural studies suggest that the partitioning membrane formed in plant cytokinesisthe cell plate-is made from Golgi-derived vesicles that fuse with one another in the plane of cell division [2, 6, 7] . The developing cell plate also accumulates plasma-membrane proteins, a process that has been attributed to endocytic trafficking [3] . To assess the relative contributions of secretory and endocytic trafficking to the formation of the cell plate, one must map out the trafficking routes used during cytokinesis and then specifically interfere with one or the other pathway.
Visualization of the secretory pathway in dividing cells requires a newly synthesized protein marker, such as the cytokinesis-specific syntaxin KNOLLE which plays an essential role in cell-plate formation [5] , whereas the endocytic pathway can be easily visualized with the fluorescent dye FM4-64, which is actively internalized in a clathrin-dependent manner [8] [9] [10] . KNOLLE is only present in dividing cells, where it initially accumulates in punctate structures that might correspond to Golgi stacks [5] or endosomes [3] , then translocates to the plane of division and accumulates in the laterally expanding cell plate, and finally disappears from the completed cell plate [5] . However, the exact trafficking pathway of KNOLLE has not yet been elucidated.
To identify the endomembrane compartments through which KNOLLE moves in dividing cells, we performed double labeling with specific subcellular markers ( Figure 1 ) and localized KNOLLE by immunogold labeling (Figure 2 ) in dividing seedling root cells of Arabidopsis during the early and late stages of mitosis. Before cell-plate formation, KNOLLE-positive puncta were distinct from adjacent medial Golgi labeled by GFP-tagged N-acetylglucosaminyltransferase I (NAG-GFP [11, 12] ), and partially overlapped with trans-Golgi labeled by YFP-tagged rat sialyltransferase (N-ST-YFP [12] [13] [14] [15] ). However, KNOLLE was clearly distinct from both NAG and N-ST during cell-plate formation ( Figures  1A, 1B, 1D , and 1E; Figures S1A, S2A, and S2B in the Supplemental Data available online). By contrast, the vacuolar H + -ATPase (VHA) subunit a1, which localized to the trans-Golgi network (TGN) ( Figure S2C [13, 16, 17] ), labeled KNOLLE-positive punctate structures before and during cytokinesis (Figures 1C and 1F ; Figures S1B and S1C), a finding supported by quantitative measurement of colocalization ( Figure 1M ). Consistent with this finding, treatment of the seedlings with the membrane-trafficking inhibitor brefeldin A (BFA) trapped KNOLLE and VHA-a1 in large BFA compartments [12, 13, 18, 19] surrounded by N-ST-YFP-labeled Golgi stacks (Figures 1J and 1K ; Figure S1D ). Furthermore, EM analysis performed with cryosections of cryofixed root tips localized immunogold-labeled KNOLLE to the *Correspondence: gerd.juergens@zmbp.uni-tuebingen.de TGN and the expanding cell plate (Figures 2A and 2B ; Figure S2D ). GFP-KNOLLE colocalized with the endocytic tracer FM4-64, which labels the TGN immediately after internalization [13, 17] and is rapidly targeted to developing cell plates [3, 13] ( Figure 3D ). Thus, a major station on the KNOLLE-trafficking pathway to the cell plate is the TGN, where secretory and early endocytic trafficking pathways converge [13, 17] .
After cell-plate formation, KNOLLE remained detectable in punctate structures that were also positive for the TGN marker VHA-a1 ( Figure 1M ) and, unlike during early telophase, was observed to largely colocalize with the vacuolar sorting receptor (VSR) BP80. This observation suggests that KNOLLE takes the VSR trafficking pathway from the TGN to the multivesicular body (MVB) [20] after its return from the cell plate ( Figure 1M ; Figures S1E-S1G). This idea is supported by the observation that, during late mitosis, BFA treatment trapped KNOLLE and the TGN marker VHA-a1 in large BFA compartments [12, 13, 18, 19] surrounded by N-ST-YFPlabeled Golgi stacks (Figure 1J and 1K; Figure S1D ). This is important because the MVBs, which correspond to prevacuolar compartments (PVCs) [20] , are not sensitive to BFA. Rather, MVBs are sensitive to wortmannin and are labeled by the GTPase ARA7, which is related to endosomal Rab5 [21] [22] [23] (Figure 1L ; Figures S1H and S1I; Figures 2F-2H ). KNOLLE and ARA7-GFP signals increasingly overlapped from cytokinesis on, suggesting that KNOLLE passes through ARA7-GFP-positive MVBs on its way to the vacuole (Figures 1G-1I) . Indeed, immunogold labeling detected GFP-KNOLLE in internal vesicles of MVBs in late-mitotic cells and in vacuoles after cytokinesis (Figures 2C-2E; Figures S1J  and S2E ). In summary, KNOLLE is retrieved from the cell plate, possibly via the TGN, and targeted via MVBs to the lytic vacuole for degradation ( Figure 4F ).
Inhibiting Traffic at the Trans-Golgi Network Disrupts Cytokinesis, but Impairment of Endocytosis Does Not Affect Cell-Plate Formation The V-ATPase inhibitor concanamycin A (ConcA) blocks all trafficking at the TGN but does not interfere with the formation of endocytic vesicles at the plasma membrane [13, 24, 25] . ConcA-treated root tips showed binucleate cells, and internalized FM4-64 accumulated at the TGN (Figures 3A and 3B) . Neither FM4-64 nor GFP-KNOLLE reached the division plane, and cell-plate formation was severely impaired, which resulted in cellwall stubs ( Figure 3E ). We also found that ConcA-treated mitotic cells accumulated unfused membrane vesicles that were similar to unfused vesicles in dividing knolle mutant cells [5] (Figure 3O ). Binucleate early-interphase cells exhibited a vesiculated, fragmented cell-plate-like structure ( Figure 3P ). Therefore, traffic from the TGN to the plane of cell division is essential for cytokinesis.
Specific inhibition of endocytic trafficking in cytokinesis is difficult to achieve. Previously used genetic or drug interference, such as that caused by a dominantnegative clathrin variant or the adaptor-complex inhibitor tyrphostin A23 [10] , affects not only endocytic trafficking but also other trafficking processes from the TGN to the cell plate, and it might have additional deleterious effects [26] . The inhibitor wortmannin impairs endocytosis and also induces swelling of MVBs ( Figure S1I ) [3, 9] . However, wortmannin can be used to explore the role of endocytosis in cytokinesis because trafficking from the plasma membrane to the cell plate does not pass through the late-endosomal MVBs, as described above. Wortmannin treatment impaired FM4-64 internalization ( Figures 3A and 3C , circles), which resulted in weaker and delayed accumulation of the endocytic tracer at early cell plates than in the control. However, cell-plate formation was not affected (Figures 3K-3N ; compare to Figures 3G-3J) . Consequently, cytokinesis was completed and there were no binucleate cells, which contrasts with ConcAinduced defects ( Figure 3C ; compare to Figure 3B ). Furthermore, GFP-KNOLLE accumulated in the vacuoles of neighboring wortmannin-treated cells, indicating that these cells were newly formed daughter cells. Remarkably, FM4-64 labeled only the plasma membranes of these cells and did not label their vacuolar membranes ( Figure 3F ; compare to Figure 3E ; arrowhead). These results suggest that a strong reduction or inhibition of endocytosis does not prevent cytokinesis, which is in striking contrast to inhibition of membrane trafficking from the TGN.
Inhibition of ER-Golgi Trafficking Blocks Cytokinesis
To examine the role of secretory traffic in cytokinesis, we used the inhibitor BFA to target BFA-sensitive large ARF-GEFs, such as GNOM, that act in endosomal recycling [19] . In BY-2 cells, BFA treatment inhibits cell-plate formation [27] . However, the specific BFA target in this biological context is not known. Therefore, it is not clear whether secretory and/or endocytic trafficking is affected by BFA treatment. In contrast, there is no comparable BFA effect in dividing cells of Arabidopsis [3] . Instead, in BFA-treated dividing cells KNOLLE accumulates in a dumbbell-shaped structure that consists of BFA compartments and the cell plate. This accumulation is similar to that of FM4-64 [3] (Figure S3A ). One explanation for this finding might be that cell-plate trafficking in Arabidopsis is mediated by one or more BFA-resistant ARF-GEFs.
The ARF-GEF GNL1 was recently shown to mediate ER-Golgi traffic and to be resistant to BFA [4, 28] . Endocytosis was quantitatively similar between wild-type and gnl1 mutant seedlings (Figures S3I-S3K) . Therefore, we examined whether BFA treatment of gnl1 seedlings lacking BFA-resistant GNL1 compromised trafficking during cytokinesis (Figure 4) . KNOLLE localization was not altered in untreated mutant seedlings ( Figures S3B  and S3C ). After BFA treatment, however, KNOLLE accumulated in the ER and colocalized with the ER-relocated Golgi marker N-ST-YFP [4] , which indicated that trafficking of newly synthesized KNOLLE from the ER to the cell plate via the TGN was inhibited (Figures 4A-4C; Figure S3D) . Consequently, KNOLLE was not readily degraded and failed to overlap with the phragmoplast microtubules at the division plane (Figures S3E-S3H ). Most importantly, the BFA-induced inhibition of ERGolgi traffic resulted in binucleate cells that had cellwall stubs and resembled knolle mutant cells [29] , which indicates that secretion of newly synthesized proteins is essential for plant cytokinesis (Figures 4D and 4E) .
Essential Membrane-Trafficking Pathway during Cytokinesis: A Model Plant cytokinesis is a very rapid process, requiring the timely delivery of much membrane material to the plane of cell division. Although endocytosis might be a means of achieving the rapid formation of the partitioning membrane [3] , there are no functional data that reveal the necessity of endocytic trafficking in cytokinesis. Our results show that only secretory trafficking of newly synthesized proteins is essential, although endocytosed plasma-membrane proteins might also be targeted to the cell plate [3] . Like secretory trafficking in interphase cells, trafficking to the division plane has been viewed as a default pathway in dividing cells [1] . In this scenario, secretory and endocytic trafficking pathways, which converge at the TGN, are both deflected to the plane of cell division, and constitutively cycling plasmamembrane proteins accumulate at the cell plate rather than being recycled to the plasma membrane ( Figure 4F ). This targeting is essential for KNOLLE and other proteins that are necessary for cytokinesis and are tightly regulated during the cell cycle, and it might also enable them to be recycled to the growing margin of the expanding cell plate via the TGN and ensure that cytokinesis is completed on time. 
